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RESEARCH MEMORANDUM

CALCULATED EFFECTS OF TURBINE ROTOR-BLADE COOLING-AIR FLOW,
ALTITUDE, AND COMPRESSCR BILIFED POINT ON PERFORMANCE
OF A TURBOJET ENGINE

By Vernon L. Arne and Alfred J. Nachtigall

SUMMARY

The effects of air-cooling the turbilne rotor blades on the per-
Fformance of an axial-flow turbojet engine were calculated for a range
of altitude from sea level to 40,000 feet. The measured wind-tunnel
performance of & commercial turbojet engine was used as the basils of
comperison with the calculated performance for a turbine inlet tempera-
ture of 1960° R and for a range of cooling-air flows up to 3 percent of
the compressor ailr flow. A flight Mach nunber of 0.788 was assumed for
all altitudes.

The percentage change in thrust and specific fuel consumption com-
pared with the performance of the uncooled engine is plotted for two
cases: (1) with the cooling air bled from the compressor at the pres-
sure required for each coolant flow; (2) far cooling air bled at the
compressor discharge and throttled to the pressure required for each
coolant flow for the entire range of conditions.

When the coolant was bled at the required coolant pressure, the
sea~-level percentage thrust reduction weas approximately twice the per-
centage coolant flow. The percentage increase in specific fuel con-
sumption relative to the uncooled engline at sea level was approximstely
equal to the percentage coolant flow. The percentage thrust reduction
and percentage Increase in specific fuel consumption decreased with
an increase in altitude at a constant velue of coolant-flow ratio.
Bleeding the coclant at the compressor discharge resulted in an
additional l-percent loss in thrust and increase in specific fuel
consumption at sesa level with a smaller Increase in loss at higher
eltitudes.

Additional calculations were made at sea level, Changing from a
tapered blade cooling passage to a constant passage area equal to the
area at the mean sectlon of the tapered passage resulted in an improve-
ment in engine performance. Increasing the compressor and turbine
efficiencies from 0.80 and 0.79, respectively, to 0.88 resulted in
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considerably less performance loss due to cooling. Reducing the temper-
ature of the cooling elr at the inlet to the tapered blade-coolant
passage from 300° to 100° F resulted in a reduction in static-pressure
ratlo from root to tip.

5022

INTRODUCTION

The application of cooled turbines is e promising meens of improv-
ing the performance of alrcraft ges-turbine engines by permitting the
use of higher bturbine-inlet temperatures. Ancther objective of
cooled-turbine research is to reduce the critical-materlsl conbtent
of the turbine blades and disks of current cammercial turbojet
engines. Both air- and liquid-cooled hollow blades offer possibilities
of achieving these objectives, but air-coocllng systems are considered
8 more lmmediate solution of the problem of substituting noncritical
materials at current turbine inlet-gas temperature. The present status
of the analytical and experimental cooled-turbine resesrch and the
general principles of turbine-cooling theory are reviewed in refer-
ence 1., Analybtical methods of determining cooled-blade temperatures
and required coolant flows are presented in references 2 and 3. These
methods can be used in conJunction with experimentel data to provide
design values of required coolant flow.

Reference 2 discusses some of the problems in the design of sir-
cooled turblnes and presents the effects of only the requlred cooling-
air flow on turbojet englne performance for two particular blade con-
figurations, varlious blade materials, and a particular stress-rupture
life for a range of altitudes and turbine-inlet temperatures. The
present report presents the calculated effects of coolant flow, alti-
'bud.e6 and coolant bleed pressure on & turbojet engine operating at
1960° R (1500° F) turbine-inlet temperature and using the finned blade
of reference 2. The results herein are Independent of blade material
and blade life. A range of rotor-blade coolent flows up to 3 percent
of the compressor alr flow is covered. The amount of coolant flow 1s
discussed in terms of coolant-flow ratio, defined as the ratio of
cooling-ailr flow to compressor-air flow. The results glven in refer-
ence 2 indicate that coolant-flow ratios from O to 0,03 are of most
interest for cases ln whilch nonstrategic materials are substituted in
turblne blades for current gas temperatures. This range of coolant
flows necessltates the use of blades with high cooling effectiveness
if satisfactory blade life 1s to be obtained. Altitudes from sea level
to 40,000 feet were used for a constant flight Mach number of 0,788,
The two conditions of compressor coolant bleed considered were: (1) The n
coolant is bled from the compressor at the pressure required to provide
the specifiled coolant pressure determined from a _pressure-drop calcula-
tion through the blade passage for a given cooled-blade design; (2) the u
coolant is bled at the compressor discharge and throttled to the
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pressure required for all coolant flows and gltitudes considered. For
the second case, the performance is calculated independently of the
blade configuration and heat-transfer characteristics, and the results
are applicable to any blade configuration for which the compressor dis-
charge pressure is adequste to supply the range of coolant flows
desired. :

Additionsl calculations were made .at sea level to determine the
effect of changing certain design varisbles that may, for other air-
cooled turbine applications, have values different from those used here
for the whole range of calculations. The effect on coolant-passage
pressure drop and engine performance of changing from a tapered coolant
pessage to one having a constant passage area equal to the area of the
tapered passage at the mean section was calculated for a coolant-flow
ratio of 0.02 at sea level. Another celculation of engine performance
was made at sea level for turbine and compressor efficlencies substan-
tially higher than those used for the whole range of calculations. The
effect of reducing the inlet cooling-air temperature at the blade root
from 300° ta 100° F on the coolant-passage pressure drop was also calcu-
lated for a coolant-flow ratio of 0.02 at sea level.

METHODS

The method used In calculeting engine performance is essentially
the same as that in reference 2. The measured wind-tunnel performance
of a commercial uncooled turbojet engine (references 4, 5, and 6) is
used as a basis of comparison with the calculated performaence of the
same engine in which a cocled turbine is substituted. The results
obtained are supplementary to those presented in reference 2 for a
turbojet engine operating at current gas temperatures with nonstrategic
material substituted in the turbine blades.

For both the cooled and the uncooled engine, the bulk turbine-
inlet temperature was assumed to remain constant for all altitudes st
1960°C R at rated engine speed of 760C rpm. Coolant-flow ratios of
0.01, 0.02, and 0.03 were used at each altitude of ses level, 10,000,
20,000, 30,000, and 40,000 feet. A flight Mach number of (0.788 was
used far all altitudes.

The general modificatlons to the turbine required for alr cooling
are shown in figure 1, which is identical to figure 1 of reference 2
except that no provision ls made for cooling the stator blades. The
rotor-blade cooling sir, bled from the compressor, is introduced through
& supply plpe to the stationary diffusing section at the turbine hub and
passes into a vaned shroud on the face of the rotor. The air passes
through the shrouded passage to the blade base, through the blade
coolant passages, and 1s discharged at the tip to mix with the main
flow of working geas.
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A midspan cross sectlon of the finned blade adspted to the turbine
is shown in figure 2. Values of blade geometry were taken from this
sectlon to determine the average heat-transfer characterlstics of the
blade. The cooling-alr pressure reguirements for the range of condi-
tions considered were computed for a passage that had a 3:1 taper ratio
in cross-gsectional area from the blade root to the blade tip. The
cooling-alr Mach number in the tip of the coolant passage and the pres-
sure drop through the blade coolant passage were calculated by the
nmethod.given in reference 7, which requires an initial essumption of
cooling-air tempersture at the blade root. An average value of 300° F
was asgumed for these cal¢ulatlons. The ducting losses between the
compressor. bleed and the turbine hub were neglected, and the effects
of bleed on compressor performance and efficiency were not considered.
The design of a turbojet engine or the modification of an existing
engine for alr cooling involves matching of the compressor and tur-
bine. For the calculations reported herein, it was assumed that the
compressor and turbine would still be matched-when the air-cooled
turbine was substituted for the uncooled turbine and when the turbine~
blade cooling air was bled from the compressor.

The performance of the engine was calculated for the entire range
of operating conditions for two cases of compressor cooling-air bleed.
For the first case, the required cooling-alr pressure was determined by
the method of reference 7; the coolant pumping work in the main com-
pressor up to the point of required bleed pressure (defined as external
pumping work) and the coolant pumping work in the turbine rotor itself
(defined as internal pumping work) were calculated. For the second
case, where the cooling air was bled at the compressor discharge, it
was unnecessary to make a separate calculation of externsl pumping work
because the enthalpy rise of the cooling sir 1s the same as that of
the working fluid in the malin compressor snd could therefore be included
in the total compressor wark. The effects of internal and external
punmping work were included in all calculations of turbine pressure
ratio, Jet-nozzle inlet temperasture, Jjet-nozzle pressure ratio, and the
percentage change in thrust and specific fuel consumption. For the case
of coolant bleed at the compressor discharge, only the percentage change
in thrust snd specific fuel consumption are presented. The results for
bleed at the compressor discharge apply to any coolant-passage confilgura-
tion requiring a coolant supply pressure less than or equal to the com-
pressor discharge pressure. ' ) '

The pressure drop through a turbine-blade coolant passage depends
to a large extent on the reletive Masch number of the cooling alr. For
a glven coolant-passage area at the root of the bhlade and & cooling-air
welght flow, a cooling passage that converges in the direction of flow
will have a rapldly lncreasing cooling-eixr Mach number toward the blade
tip and will have a larger pressure dxop than a blade coolant passage
of constant flow area. The blade used for the entlre range of calcu-
lations hed a taper raftio of 3:1 from root to tip. In order to study
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the effect of changing to & constent-area coolant passage on coolant-
paggage pressure drop and engline performance, additional celculations
were made for a constant-area coolant passage for a coolant-flow ratio
of 0.02 at sea level. The area of the constant-ares passege was equal
to the mean area of the tapered passage so that the average hest-
transfer characterlstics of the blade remsined unchanged.

The compressor and turbine adigbatlic efficiencies used for most of
the calculations were based on the measured engine performance. At sea
level, the turbine efficlency was 0.79 and the compressor efficlency
was 0.80. In order to determine the effect of higher component effi-
ciency, the sea-level performance was recalculated using 0.88 adiabatic
efficiency for both compressor and turbine.

As previcusly mentioned, the cooling-ailr temperature at the blade
root was assumed to be 300° F. For effective blade cooling, it is
desirable to supply the coolant at as low a tempersture as possible, A
coolant-passage pressure-drop calculation was made assuming 100° F
blade~root cooling-air temperature for 0.02 coolant-flow ratio at sea
level so that & comparison could be made with the 300° F inlet-air
calculgtion.

RESULTS AND DISCUSSION

The effect of cooling-zir bleed on axial-flow turbojet engine per-
formence was calculated for a range of coolant flows up to 3 percent of
the compressor air flow for altltudes ranging from sea level to
40,000 feet. Performance of the cooled engine was compared with the
measured altitude-wind-tunnel performance of the commercial uncooled
engine,

Cooling-Alr-Pressure Requirements

Cooling-air Mach number in tip of passage. -~ The Mach number of the
cooling air in the tip of the paseage 18 needed to initiate the
pressure-drop calculation by the method of reference 7. Results of cal-
culations have shown that the tip Mach number itself is an spproximate
indication of the cooling-air pressure drop, the higher Mach numbers
resulting 1n higher static-pressure losses.

The varlation of cooling-air Mach number in the tip of the coolant
passage 1is shown in figure 3 for altitudes of sea level and 40,000 feet
for two cross-sectlional tlp coolsnt-passage areas. At a glven coolant-
flow ratio, the Mach number is slightly higher at 40,000 feet than at
sea level for either tip area. For a tip ares of 0.028 square inch,
corresponding to a root-to-tip taper ratio of 3:1 for a blade with a
mean cross sectlon as shown in figure 2, the Mach number increases with
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cooling-alr flow end is between 0.9 and 1.0 at a coolant-flow ratio of
0.03., When the tip area is increased by assuming & constant-area
coolant passage with an area equal to the mean area shown in figure 2,
the tip Mach nunber ss shown by the dashed llines has a value of about
0.5 at & coolant-flow ratlo of 0.03. The coolant pressure drop and the
engine performence for the constant-area blade were calculated for com-
parison with the tapered blade at one coolant flow at sea level and the
computed values are given in teble I.

Coolant pressure ratio. - The variation in statlic pressure from
rotor hub to blade tip is shown in figure 4 for the tapered blade and
the constant-area blade for two values of rotor compression efficiency
at sea level with a coolant-flow ratio of 0.02., The pressure distri-
bution in the blade was calculated by the method of reference 7, which
agsumes one-dimensional compressible flow. For the tapered blade,
there is a static-pressure ratic of 1.29 from blade root to blade +tip.
The pressure builds up near the root in this blade because of compres-
sor action but repldly decreases as the effects of momentum pressure
loss and friction predominate. The constant-area blaede has a slight
presgure rise from root to tip.

The pressure drop in the tapered blade was also calculated for a
coolant-flow ratio of 0.02 and a coolant-inlet temperature of 100° F.
The pressure ratlo from root to tip waes reduced from 1.29 for a
coolant-inlet temperature of 300° F to 1.16 for a coolant-inlet tem-
perature of 100° F. This result does not show the entire advantage to
be gained with lower coolant temperatures because both calculations
were done for one value of coolant-flow ratio. For a given blade, the
lower coolant temperature would give reduced hlede temperature, thus
making posslible & reduction in the amount of coolant flow required to
maintain a given allowable blade temperature. The lower coolant flow
would result in a further reduction in coolasnt pressure drop in the
blade. The effects on engine performance of the lower blade ccolant
pressure drop for a coolant-inlet temperature of 100° F were nct cal-~
culated inasmuch ag the effects of the resultant lower required coolant

bleed pressure are similar to the effects on engine performasnce observed
for the 300° F coolant-inlet temperasture for the two cases of compresscr

bleed.

The statlc-pressure variatlon in the rofor was calculated using
polytropic compression efficiencies of 0.50 and 1.00. For an effi-
ciency of 0.50, very little stetic-pressure rise 1s cbtalned in the
rotor. The veriation obtained using 1.00 compresslon efficiency indi-
cates ldeal rotor performance and shows that there is room for sub-
stantial reduction in coolant-pressure requirements. Experimental
evidence indicates that an efficiency of 0.50 is a reasonsable value to
be expected in early air-cooled rotor designs and, consequently, this
value was used 1n the calculations of engine performance.

022!
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The ratio of reguired total pressure at the rotor hub to the static
pressure in the blade tip is given in figure 5 for =z range of altitude
and coclant-flow ratio. The required cooling-air pressure ratio
increases conslderably with coolant flow and only slightly with
altitude.

At a coolant-flow ratio of 0.02 at sea level, the required pres-
sure ratio from hub to tip is 1.29. Table I shows that use of a blade
with constant crosg-sectional passage area reduces the required pres-
sure ratio to 1.04, a 20-percent reduction.

The information of figure 5 was expressed in terms of required
coolant pressure ratlio assuming no loss in pressure between the com-
pressor bleed polnt and the turbine hub. Figure 6 compares these
values with compressor pressure ratlio for sea level and 40,000-foot
altitude. The curve shows that for this blade configuration the cam-
pressor discharge presgsure ratio 1ls required for coolant-flow ratios of
gpproximately 0.040 and 0.035 at sea level and 40,000 feet, respec-
tively. The determinstion of the blade pressure drop thus may be of
considerable Importance in air-cooled engine design because the
required coolant pressure should not exceed the avallable coolant
pressure. :

Coolant Pumplng Work and Speciflic Turbine Work

The work done on the cooling air in the main compressor is called
the external work and is plotted in figure T for the range of cooclant-
flows and altltudes considered. Inasmuch as the values are dependent
on the bleed point in the compressor given by figure 6, tThe magnitude
of externsl pumping work 1n figure 7 1ls not applicable for all blade
configurations. The figure does glive a gualitative plcture of the
pumping work for this range of coolant flows as compeared wilth the total
turbine work. .

The internel pumping work of the turbine rotor in Btu per pound
of working ges for coolant-flow ratios up to 0.03 1s shown in figure 8.
Because this work 1s a function of only the coolant welght flow and the
blade tip speed, 1t can be calculsted easily for any turbine design.
The-values of figure 8 are applicable for tip speeds around 1125 feet
per second. ’

The specific turbine work, obtalned by adding the externsl and the
internal pumping work to the compressor work, is shown in figure 9.
The reduction in working fluid because of coolant bleed is the main
effect of cooling on the specific turbine work. The variation given by
figure 9 is therefore typlcal for any engine using this coolant flow
range having a compressor pressure ratic and turbine-inlet temperature
approximately that of the engine for which these calculations were made.
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Figure 9 indicates that for a coolant flow ratlio of 0.03 the spe-
cific turbine work shows en increase over that of the uncooled englne of
about 4.4 percent at sea level and about 4.8 percent at 40,000 feet.
At e given coolant-flow ratlo, the specific turbine work inecreases
slightly with altitude owing to the lncrease in the required cooling-
air pressgure ratic at higher altitudes. It is desirable to have a
maximm amount of energy available for thrust; the energy drop across
the turbine or the specific burbine work should therefore be kept as
low as possible. Figure 9 also shows that a more rapid increase in
specific turbine work occurs as the coclant flow is increased. This
suggests the importance of minimizing the amount of reguired coolant
flow by using blades of high cooling effectlveness.

det-Nozzle Inlet Conditlons

The effect of cooling on the state of the working fluid entering
the Jet nozzle can be observed from the effect on turbine pressure
ratio and Jet-nozzle total temperature as shown in figures 10 and 11.
Because of higher specific turbine work, the turbine pressure ratlo
increases with coolant-flow ratio from 2.15 for the uncooled engine to
about 2.24 for a 0.03 coolant-flow ratie. This variation is almost the
seme over the range 0f altitudes consldered. The jJet-nozzle total tem-
perature at sea level decreases from 1695° R in the uncooled engine to
about 1661° R at a coolant-flow ratio of 0.03. Again the effect of
altitude is slight. The absence of gpprecieble altitude effect on
turbine pressure ratlio and jet-nozzle total temperature 1s an engine
characteristic and has little direct connection with the cooling
characteristics.

Inasmuch as compressor pressure ratio lncreases quite apprecisbly
with altitude and turbine préssure ratlo i1s not affected by altitude;
the -Increase in compressor pressure ratio is reflected in the jJet-
nozzle pressgure ratio, which increases with altitude as shown in fig-
ure 12. The Jet-nozzle pressure ratlo decreases with cooclant-flow ratio
at all altitudes because of the additional turbine pressure ratio
requirements that cooling introduces.

Engline Performance

The ultimate objective of the analysis 1s to compute the changes
in engine performance that occur wilth cooling. Results are presented
for the case of cooling-air bleed at the calculated required pressure
and the case of cooling-air bleed at the compressor discharge.

Cooling alr bleed at calculated required pressure. - The
percentage changes in thrust and specific fuel consumption are;plotted

8022
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against coolant-flow ratlo in figures 13(a) and 13(b), respectively.
The sea-level percentage decrease in thrust is approximately twlice the
percentage coolant flow,whereas the sea-level percentage increase in
specific fuel consumption is spproximately equal to the percentage
coolant flow. Both the thrust reduction and specific fuel consumption
increase become smaller as albitude increases at & constant value of
coolant~-flow ratio. The thrust reduction 1s larger than the increase
in specific fuel consumption because the thrust is affected by the
reduction in turbine working fluid due to compressor bleed as well

as by the coolant pumping losses and the changes in propulsive effi-
ciency. The coolant pumping losses- can be controlled to some extent
by careful coolant-passage design, but the loss in thrust due to
bleeding from the engine compressor weight flow end by-passing the com-
bustion chambers is a loss that is inherent in this type of air-cooled
engine conflguration and can be decreased only by decreasing the amount
of cocoling air used. The possibility of restoring the thrust by
increasing the turbine-inlet temperature above its former value is dis-
cussed to some extent in reference 2.

The smaller loss in performance with increase in altitude is prob-
ably due to the compressor characteristics of the engine considered.
The compressor pressure ratio increases with altitude and thus improves
the thermal efficiency of the cycle. The cooling losses for a glven
coolant-flow ratio then become a smaller part of the availsble thermal
energy.

Cooling-air bleed at compressor discharge. - If the point of
compressor bleed is known or can be assumed, the engine performance
can be calculated independent of the blade configuratlon or heat-
transfer requirements becasuse any heat transferred to the coolant is
reintroduced into the Jet mozzle during mixing after the turbine,
making the energy drop across the turbine a function of only the spe-
cific turbine work. This fact is of importance to the designer because
it allows him to make an approximste analysis of the effect of cooling
on performance wlthout an accurate determination of the blade pressure
drop and cooling characteristics, whilch are difficult to determine

quickly.

A calculaetion was made to determine the effect of bleeding the
cooling air at the compressor discharge for the range of coolant flows
and altitudes considered. The results are shown in figures 14(a) and
14(b). Comparison with figures 13(a) and 13(b) shows that the addi-
tlonal loss is about 1 percent at sea level, wlth even smaller differ-
ences at higher altitudes. This results from the additional pumping
work required for bleed at a higher compressor pressure ratio, but
for a fixed coolant temperature it appears that the amount of compres-
gion done on the cooling air has a smaller effect on engine performance
than does the emount of coolant bleed. On the other hand, unless a
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heat exchanger is used taQ control coolant temperatures, higher coolant—_ -
bleed pressure ratios result in higher bleed temperatures, which in ’
turn give less blsde-temperature reduction for a given coolant flow.

Effect on englne performance of changing to constant-ares blade-
coolant passage. - Table I shows the effect on the performance loes of
making the coolant paspage of constant cross section rather than
tapered. The flow area of the constant-ares blade is equal to the
mean flow area of the tapered blade. Regqulred coolant pressure weas
calculated for the two cases for a coelant-flow ratio of 0.02 at sea
level, The thrust reduction changes from 3.9 percent for the tapered
blade to 3.5 percent for the constant-area blade; the specific fuel
consumption increase changes from 1.9 percent to 1.6 percent. From the
standpoint of performance, it appears worthwhile to reduce the pressure
drop of the cooling air in the blade. It must be remermbered, however,
that the heat-transfer effectiveness and, therefore, the life of a
blede depend on the relatlive cooling-air velocltles, and there must be
a deslign compromise between cooling effectiveness and blade pressure
drop. The average coollng effectiveness of the blade considered hereln
was not affected by changing from a tapered flow areas to a constant-
flow area because the average heat-transfer characteristic is based on
the mean aresa, which was unchanged.

S022

Effect on englne performsnce of increased engine component effi-
clencies, - The compressor and turblne adiasbatic efficiencies used in
the calculetions were measured in the operating engine. Because these
efficiencies were rather low compared with the performance of present-
day axlal-flow englnes, a calculation was made at ses level with
improved values of efficiencies to determine the effect on performance
losses. The turbine efficiency was Increased from 0.79 to 0.88 and
the compressor efficlency was increased from 0.80 to 0.88. A compari-
son of significant performance factors with the different values of
efficiency is shown in teble II. The loss in thrust at a coolant-flow
ratio of 0.03 was reduced from 6.2 to 4.7 percent and the fuel consump-
tion increase was reduced from 3.4 to 1.8 percent. Here again, as with
the decrease in performence loss with altitude, the more efficient
engine can absorb the losses due to cooling more easily. The losses
become & smaller part of the total energy available.

SUMMARY OF RESULTS

The effect of alr-cocoling the turbine blades on the performance .
of an axiasl-flow turbojet engine was investigated. The state of the
working gas and the cooling air was determined at varlous points in the
cycle. The following results were cbtained: .
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1. When the coolant was bled &t the required coolant pressure,
the sea-level percentage reductlion in thrust was approximately twlce the
percentage coolant flow and the increase in specific fuel consumptlon
was approximately equal to the percentage coolant flow.

2. As altitude increased, both the percentage reduction in thrust
and percentage increase in specific fuel consumption became less for any
fixed value of coolant-flow ratio.

3. Bleeding the coolant at the compressor discharge resulted
in en additlonal l-percent loss in performance at sea level and in
smaller increase In loss of performence et higher altitudes.

4., For a blade coolant passage with a 3:1 taper ratio from root
to tip, the required cooling-air pressure ratio increased with coolant-
flow ratio, reaching compressor discharge pressure at a coolant-flow
ratio of about 0.035 at 40,000 feet and sbout 0.040 at sea level.

5. For a blade of canstant coolant-passage asrea equal to the area
of the mean section of the tapering passage, the Mach number of the
cooling air at the blade tip was reduced from 0.670 to 0.345 and the
cooling-air pressure ratio required was reduced from 2.10 to 1.68 at
sea level for a coolant-flow ratio of 0.02. This resulted in a change
in percentage thrust reduction from 3.9 percent for the tapered blade
to 3.5 percent for the untapered blade. The specific fuel consumption
increase changed from 1.9 percent for the tapered blade to 1.6 percent
for the untapered blede.

6. Increase in the compressor and turbine efficiencies from 0.80
and 0.79, respectively, to 0.88 resulted in less performence loss due
to cooling. At sea level, for a coolant-flow ratio of 0.03, the loss
in thrust was reduced from 6.2 to 4.7 percent and the specific fuel
consumption increase was reduced from 3.4 to 1.8 percent when the
higher component efflciencies were used.

7. Reducing the temperature of the cooling alr at the inlet to the
tapered blade-coolant passage fram 300° to 100° F resulted in a reduc-
tion in static-pressure ratio from root to tip from 1.29 for a coolant-
inlgt temperature of 300° F to 1.156 far a coolant-inlet temperature of
100~ F.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautilcs,
Cleveland, Ohlo.
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TABIE I - COMPARISON OF SIGNIFICANT ENGINE-PERFORMANCE FACTORS FOR
TAPERED AND CONSTANT-AREA BLADE COOLANT PASSAGE

[Altitude, sea level; coolant-flow ratio, 0.02; flight Mach
number, 0.788; turbine-inlet temperature, 1960° R]

“‘ﬂﬁg"’
Type of cooling passage Tapered Constant
Cooling-air passage area at blade tip, sq in. 0.028 5?332
Cooling-air Mach number in passage tip 0.670 0.345
Pressure ratio from hub to blade tip 1.29 1.04
Required cooling-ailr pressure ratio 2.10 1.68
External coolant pumping work, Btu/lb working gas 0.83 0.57
Specific turbine work, Btu/lb working gas 76.2 ~ 75.9
Turbine pressure ratio 2.20 2.19
Jet-nozzle total temperature, gR 1674 1876
Jet-nozzle pressure ratio 2.165 2.175
Thrust reduction, percent 3.9 3.5

Specific fuel consumption Increase, percent 1.9 1.6
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TABLE II - COMPARISON OF SIGNIFICANT ENGINE-PERFORMANCE FACTORS
FOR DIFFERENT VALUES OF COMPONENT EFFICIENCY =;:E§E;;7

[}ltitude, sea level; coolant-flow ratio, 0.03; tapered blade;
flight Mach number, 0.788; turbine-inlet temperature, 1960° R]

Campressor efficiency 0.80 0.88
Turbine efflciency 0.79 0.88
Compressor pressure ratio ) 3.51 4.44

External coolant pumping work, Btu/lb working gas 1.80 1.64

Specific turbine work, Btu/lb working gas 77.7 86.0
Turbine pressure reatioc 2.24 2.25
Jet-nozzle total temperature, °r 1661 1633
Jet-nozzle pressure ratio B . 2.13 z.68
Thrust reduction, percent 6.2 4.7

Specific fuel consumption increase, percent 3.4 1.8
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Figure 1. - Bection of turbine rotor showing proposed method of introducing cooling air
to rotor blades.
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Figure 3. -~ Cooling-alr ﬁaoh mmber 1ln passage at

blade tlp plotted agalnst coolant-flow ratlo
for blade coolant passage with seven fins.
Flight Mach mumber, 0.788; engine speed,

7600 rpm.
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Mach mumber, 0.788; engine speed, 7600 rpm.
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Flgura 7. -~ Variation of external coolant raping
work per pound of working gas with coolant-flow
ratio for air-cooled turbine with finned bladss.
Flight Mach mmber, 0.788; engine speed, 7600 rpm.
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ratio for air-cooled turbine rotor
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englne apeed, 7600 rpm; turbine-inlet temperature, 1960° R; cooling air bled from compressor
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